Background: Bacillus anthracis is considered to be a recently emerged clone within the Bacillus cereus sensu lato group. The B. anthracis genome sequence contains four putative lambdoid prophages. We undertook this study in order to understand whether the four prophages are unique to B. anthracis and whether they produce active phages.
Background
The genome sequence of the bioterrorism pathogen, Bacillus anthracis Ames strain, revealed the presence of four putative lambdoid prophages (designated lambdaBa0l, lambdaBa02, lambdaBa03 and lambdaBa04), constituting about 3% of the 5.2 Mbase main chromosome [1] . Comparative genomic hybridization studies showed that the prophage regions made up a higher percentage of the unique genes in B. anthracis not found in 19 other Bacillus cereus group strains [1] . DNA sequences of all completed and shotgun genome sequences of the diverse B. anthracis strains submitted to genbank (Genbank IDs: AE016879, AE017334, AAAC01000001, AAEQ00000000, AAER00000000,.
AAES00000000, AAEN00000000, AAE00000000, AAEP00000000) also contain these prophage sequences with >99% nucleotide sequence identity. B. anthracis appears to be a recently emerged clone within the B. cereus sensu lato group [2] [3] [4] [5] [6] . Multilocus sequence typing (MLST) and other strain typing studies have revealed extensive similarities and very few differences among widely distributed strains [1, [3] [4] [5] [7] [8] [9] [10] [11] [12] . While other B. cereus group genomes also contain lambdoid prophages, these generally contain genes with little DNA sequence homology to B. anthracis prophage genes [1, [13] [14] [15] [16] . Furthermore, analysis of the four other sequenced B. cereus genomes (Genbank accession numbers ATCC 10987, AE017194; ATCC 14579, AE016877; G9241, AAEK00000000; ZK, CP000001) revealed that prophages are generally inserted at different chromosomal loci than B. anthracis, except in B. cereus ZK strain that contains an element very similar to B. anthracis lambdaBa01 inserted at the same locus. Interestingly, at the same locus in the B. cereus 14579 chromosome, is a defective prophage, phi6A53, with little similarity to B. anthracis lambdaBa0l. These findings probably reflect what has been observed in other bacterial species: prophage acquisition and loss is quite dynamic, and the gene pool of phages that infect the B. cereus group is larger and more diverse than that of the rest of the chromosome [1, [13] [14] [15] [16] .
Prophages, like plasmids, conjugative transposons, insertion sequences, introns and other elements, make up a mobile portion of bacterial genome subject to frequent horizontal exchange that often account for large-scale genomic rearrangements and insertions and deletions in bacterial chromosomes. These mobile elements often encode traits such as virulence markers and antibiotic resistance determinants, which confer selective advantages for the host bacterium in various environments [17] [18] [19] .
The role of prophages in the pathogenic life cycle of B. anthracis is not known and the majority of the genes on the B. anthracis prophages do not have an assigned func-tion. In our attempts to initiate a study of the role of the prophages, it was determined that markers for the four prophages are conserved in diverse B. anthracis strains and shown that all four prophages are able to excise from the genome but fail to form viable phage particles and hence appear to be defective.
Results

B. anthracis prophages are common to all strains
Earlier comparative genome sequence analysis of B. anthracis and 19 of its close neighbors indicated the absence of the four B. anthracis prophages in other strains [1] . The presence of these or similar prophages in a larger collection of Bacillus spp strains was tested to gain insights into the evolutionary history of B. anthracis as a species. The PCR primers used in the screening were designed to amplify genes that were found to be unique to each B. anthracis prophage from comparative genomic hybridization studies [16] . The PCR primers and the expected sizes of the PCR products are listed in Table 1 . A set of 300 strains was screened by PCR. It included 192 B. anthracis strains from the Biological Defense Research Directorate (BDRD) collection isolated from different geographic regions around the world over a time span of several decades. The set also included 24 diverse genotypic strains identified by the multi-locus variable number of tandem repeat methodology [4] . The set of non-B. anthracis strains was primarily from the collection of F. Priest [12] and included 60 B. cereus strains and 48 other Bacilli spp strains. These strains have been characterized extensively by MLST and grouped into distinct sequence types [12] . All B. anthracis strain DNAs produced all the four phagespecific amplicons.
Out of the 108 non-anthracis strains, 88 strains did not amplify any of the B. anthracis phage specific amplicons whereas 20 of them amplified only lambdaBa02 specific DNA fragment. Thus, presence of all the four prophages appears to be a unique feature of B. anthracis strains.
Further verification of the presence of all four phage specific sequences was done by a multiplex PCR assay. The primers used for this assay and the expected sizes of the amplification products are listed in Table 1 . All the 192 B. anthracis strains but none of the 108 non-anthracis strains produced four amplicons of the expected lengths. Inclusion of a pair of primers targeted to a housekeeping gene (gmk) [12] as a positive control in the multiplex reaction resulted in amplification of that fragment in all strains tested. The results with a fraction of the strains tested are shown in Figure 1a and 1b. As expected from simplex PCR results described above, all the B. anthracis strain DNAs produced all the four PCR products in the multiplex assay. These data indicated that the sequences of the prophage 
All four Bacillus anthracis prophages are excisionproficient
The stability of B. anthracis prophages was analyzed by determining their excision proficiency. The B. anthracis chromosomal regions in and around the prophage insertion sites were examined for the presence of putative attL and attR-like sites. As shown in Figure 2 , all prophage sequences are flanked by direct repeats, suggesting probable site-specific recombination mediated insertion of the phage genomes. However, the repeats are of varying lengths for the four phages (lambdaBa04-13 bp, lambdaBa03-108 bp, lambdaBa02-12 bp, and lambdaBa01-65 bp). Also, in lambdaBa0l and lambdaBa03 the direct repeats are not perfect, but have two mismatches ( Figure 2 ). These repeats are present as a single copy at the same chromosomal locus in B. cereus group genomes that do not have inserted phages.
Lambdoid prophage, upon excision from the chromosome, by a site-specific recombination event between the attL and attR sites, is expected to generate an extra-chromosomal phage circle and a chromosome with an empty site devoid of the phage genome. In order to test whether B. anthracis prophages spontaneously excise from the chromosome, a PCR based assay was designed to detect phage excision products ( Figure 3 -top panel) [20] . The nucleotide sequences of the primers and the lengths of the expected PCR products are indicated in , the sequences of the inserts corresponded to the expected sequence with a single att site resulting from the excision of the phage genome from the chromosome (Figure 2 ). In the case of lambdaBa02 circle and lambdaBa0l phage excised chromosomal site, the concentration of the PCR products was probably too low for successful cloning.
Excision of the four prophages in stationary phase cultures occurs at low frequencies
The frequency of spontaneous excision of prophages from B. anthracis chromosome was determined using a SYBRgreen real-time PCR assay. Genomic DNA extracted from stationary phase cultures of Sterne strain 34F2 was used as template. A chromosomal housekeeping gene (glp) was amplified as the control with varying template concentrations to generate a standard curve and the copy number of the PCR products of the phage circles and phage-free empty sites were determined using this standard curve ( Figure 4 ). The phage circles and phage-excised chromosomes were present at very low copies ranging from 8 × 10 -8 to 2 × 10 -5 per chromosomal copy (glp) ( Table 2) . Cloning and sequencing of the PCR products confirmed their sequences as expected (data not shown). Assuming that the excised phage circle does not undergo replication and that there is one copy of glp per cell, the frequencies of excision/cell were estimated to be similar to the copy numbers of the PCR products. Induction of the 34F2 culture with 0.2 µg/ml of mitomycin C (a DNA damaging agent that is known to induce prophages) increased the frequency of excision of lambda Ba04 by about ~250 fold whereas the other three prophages showed no appreciable increase in excision frequencies.
B. anthracis prophages are apparently defective
We conducted a limited analysis to check whether the excised phage genome proceeds to replicate and produce phage particles by testing the unconcentrated culture supernatants for plaque formation on 96 different Bacillus sp. strains including the Bacillus anthracis Sterne strain 34F2. We hypothesized that any spontaneous repressor mutants of the prophages would be able to overcome the superinfection immunity and form plaques on 34F2. No plaque was visible even with the mitomycin C induced culture supernatant on any of the indicator strains tested.
In accordance with this result, unconcentrated culture supernatants did not show any increase in SYBR-green based real time PCR amplicons directed against all four phage specific genes in comparison to a chromosomal gene (glp). These amplicons probably resulted from free genomic DNA and not due to the presence of phage particles in culture supernatants since the amount of these amplicons decreased upon DNase treatment of the culture supernatants (data not shown). Electron microscopic analysis of the mitomycin induced and concentrated cul- 
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Discussion
This study shows that PCR amplicon markers for the four lambdoid prophages found on the B. anthracis Ames strain chromosome are present in all of a large number of diverse B. anthracis strains tested. Genome sequence analysis could not predict the functionality of the phages since all prophages appear to have a full complement of phage genes. All prophages were demonstrated to be excision proficient and the prophage excision frequency reported here is comparable to that seen in another Gram-positive species, Lactobacillus lactis measured by real-time PCR. In that case, the frequency of spontaneous prophage induction varied from 10 -7 -10 -1 /cell depending on the conditions examined [20] . In a limited analysis performed in this study, no viable phage production was observed upon mitomycin C induction as determined by plaque assays using nearly 100 diverse Bacillus spp strains as indicators.
Although mitomycin C induction exhibited a significant growth inhibition, there was no obvious cell lysis characteristic of phage induction. Direct electron microscopic ND-Not determined; *glp std-standard curve for estimating the copy number of different PCR products was generated using glp amplicon (representative of a single copy of chromosome) DNA sequences around the prophage insertion sites in B. anthracis chromosome examination of the concentrated culture supernatants failed to reveal any intact or defective phage particle. This result is in contradiction with an earlier report that polyethylene glycol-concentrated culture supernatants of a B. anthracis Sterne strain showed defective phage particles/ phage components under electron microscopic examination [21] and is probably due to strain differences or the method used for concentration of the culture supernatant.
There are several possible explanations for the apparent failure in detecting viable phage particles. 1) We have not found an appropriate phage sensitive strain in the panel of 96 strains used in this study for the plaque assay, which might be due to the absence of the phage receptor in these strains. Even if any of the strains possess the receptor, they may lack some other factor needed for phage growth as was shown in the case of γ phage infection of a B. thuringiensis strain that possesses the γ phage receptor, the gamR gene [22] . Similarly, in another study six phages isolated from B. anthracis were screened for their host range and only 2 out of 64 non-anthracis strains tested were susceptible to two of the phages [23] . 2) We have not found a repressor mutant that can overcome superinfection immunity and form plaques on 34F2.
3) The fact that all four prophages are simultaneously defective in their ability to produce viable phage particle or lyse the host cell may be indicative of a defective host factor that is involved in phage life cycle.
Although the failure of plaque formation even on closely related species does not necessarily indicate that phages are defective, further work is needed to unequivocally establish this fact. One approach to show that the phages are defective would be to test for plaque formation on the parental carrier strain cured of the respective prophages.
Our future studies will focus on testing this possibility.
All four prophages contain genes encoding recombinases and terminal-repeat DNA motifs that may function as attachment (att) sites. However, the lambdaBa0l recombi-SYBR green 1 dye PCR assay to determine the frequency of prophage excision nase (GBAA3832) is a pseudogene owing to a frameshift mutation. We hypothesize that lambdaBa0l might recruit some other site-specific recombinase enzyme for its excision, or have a mechanism for frameshift correction during translation. Alternatively, prophage excision might occur via recA mediated general recombination pathway, in which case, the frequency of excision will increase with the increase in the length of the repeats and the products will be identical to the site-specific recombination products.
In Escherichia coli, prophage excision is classically triggered as a response to DNA damage [24] . In this regard, B. anthracis possesses some of key components of an active SOS response system, including a lexA ortholog. Despite the fact that there is an intron in the B. anthracis recA gene, the encoded protein is still apparently functional [25] .
The results of mitomycin C induction experiment described here supports the role of DNA damage in induction of some prophages.
Excision proficient prophage sequences are generally not considered useful targets for bacterial identification because of their instability. However, the constant presence of all four prophages can be advantageous for the definitive discrimination of B. anthracis from all its neighbors. There are several schemes for molecular detection of B. anthracis DNA using unique markers present on virulence plasmids pXO1 and pXO2 [26] [27] [28] but there are relatively few unique chromosomal targets. Targets for confirmation of B. anthracis chromosomal DNA include using 16S rDNA sequences [29] , rpoB [30, 31] , gyrB [6] , gyrA [32] , spore structural protein gene sspE [26] and Slayer protein gene sap [33] for discrimination of B. anthracis from other Bacillus spp. Several multiplex PCR assays have also been described for B. anthracis detection and discrimination [34] [35] [36] . One multiplex PCR assay described earlier entailed amplification of unique fragments identified through suppression subtractive hybridization (SSH) and several of these were located on prophage regions [35] . Because of the close relatedness of the B. anthracis to B. cereus group strains, many of the PCR based detection techniques are prone to false positive identification of non-anthracis strains. The prophages are unique to B. anthracis and are present in all B. anthracis strains examined so far. Failure to produce the B. anthracis specific signals in multiplex PCR would be the result of simultaneous excision of all four prophages, which is highly unlikely. Hence they may offer unique signatures for B. anthracis chromosome. From an evolutionary standpoint, it seems possible that the conservation of the phages in all B. anthracis may be due to the very recent emergence of the lineage.
Conclusion
All the B. anthracis strains and none of the non-anthracis strains tested in this study possess the four prophages, as indicated by the presence of phage specific amplicons suggesting that the prophage regions are unique and can be used for distinguishing B. anthracis chromosome from other close relatives. The four prophages excise from the genome at low frequencies; however, in the limited analysis performed in this study, they do not appear to result in production of any viable phage particle or cell lysis, suggesting that the phages may be defective.
Methods
Bacterial strains, growth and storage conditions
The bacterial cultures were stored in 15% glycerol at -70°C. 
Determination of prophage excision
Spontaneous excision of prophages from B. anthracis chromosome was determined using genomic DNA prepared from 1.5 ml of overnight culture in BHI medium of a B. anthracis Sterne strain, 34F2. The primers and the expected sizes of the PCR products of the phage circles and phage excised chromosomal attB sites are listed in Table 1 .
Sequencing of phage excision products
The PCR products of the in vivo prophage excision reaction were cloned into Topo cloning vector (Invitrogen, Inc. Carlsbad, CA), and the inserts were sequenced using M13 forward and reverse primers in a CEQ 8000 Genetic Analysis System (Beckman-Coulter, Fullerton, CA) according to the manufacturer's instructions.
Real-time PCR assay for determination of prophage excision frequencies and the presence of phage particles in culture supernatant
The frequency of excision of the four prophages was determined by a SYBR-green-1 dye real time PCR assay using ABI Prism 7000 Sequence Detection System (Applied Biosystems, Inc. Foster city, CA). The real time PCR primers were designed using the ABI software Primer Express and real-time PCR was performed under the following cycling conditions (10 min at 95°C, 45 cycles of 15 s at 95°C, and 1 min at 60°C). Cycle threshold (CT) values were determined by automated threshold analysis with ABI Prism version 1.0 software. The amplification efficiencies were determined by serial dilution and calculated as E = exp -1/ m , where E is the amplification efficiency and m is the slope of the dilution curve. Under the conditions of the PCR, the efficiency of the PCR reactions with the various primer pairs was comparable, reaching more than 95%. For determination of the presence of free phage particles, unconcentrated culture supernatants were treated with pancreatic DNase I (Sigma-Aldrich) at 1 mg/ml for 1-3.5 hrs at 37°C and used as template in real time PCR assays using individual primers targeting each prophage.
Electron microscopy of culture supernatants B. anthracis Sterne strain, 34F2, was grown in BHI to an OD600 of ~0.2 to 0.4 and induced with mitomycin C (0.5 µg/ml) for 16 hrs. The culture was spun at 8000 rpm for 10 min, the supernatant filtered through 0.45 µm syringe filter (Millex-HV PVDF-Millipore Corp, Medford, MA) and further concentrated 15 × using Amicon Centriplus YM10 (MWCO 10 KDa) filtration units (Millipore Corp, Medford, MA). The concentrated lysate was used for electron microscopic examination. Ten µ1 of each sample was adsorbed onto formvar coated 300-mesh copper grid for 1 minute and excess fluid was wicked away with filter paper. Grids were then washed on 3 droplets of distilled water and stained for 1 minute with 1% of phosphotungstic acid or 1% of uranyl acetate. Grids were examined in a Jeol JEM-1200EX II transmission electron microscope operated at 80 kV. Each grid was scanned for 20 minutes covering more than 70% of the total viewing fields.
